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SUMMARY

A supercritical airfoil with a trailing edge flap has been the subject of
aerodynamic investigation in the National Aeronautical Establishment's
High Reynolds Number 2-D Test Facility. The effects of flap deflection on
buffet intensities and delay of buffet onset at transonic speeds were studied.
Buffet boundaries for various flap angles were determined from the
divergence of the fluctuating balance normal force measurements (Ciq). The

onset of buffet was obtained from plots of Ck versus CL at values of CL where the
slope was 0.1. This value for the slope was arbitrarily chosen, but was found to
give consistent results which agreed well with values computed from the
criterion using the trailing edge pressure divergence for those cases where
buffet onset is primarily due to trailing edge separation.

For given flow conditions the deflection of the trailing edge flap altered
the circulation and hence the position of the shock wave and its strength. The
variations of these two quantities with flap angles were determined from
pressure measurements carried out on the airfoil surface. The test was
performed quite deep inside the buffet regime and shock wave oscillations
were investigated from spectral analyses of the balance outputs. Fluctuations
in the shock motion of approximately 70 Hz were detected.

The drag of the airfoil was computed from the wake stagnation pressure
deficit and the drag penalties for large flap angles were quite significant.
Analysis of the wake profiles with flap settings was carried out to study the
changes in wake characteristics.

This investigation shows that trailing edge flap is a useful device for
passive buffet alleviation of supercritical airfoils. For Mach numbers less
than the design values, the lift coefficients at buffet onset are very close to and
in some cases correspond to CLmax. This is quite unlike conventional airfoils

when regions of mild, moderate and heavy buffet can be detected before CLmax

is reached.

(iii)



RESUME

Un profil a~rodynamique supercritique mumi de volets de bard de fuite a
fait l'abjet d'une 6tude a~rodynamique A linstallation d'essais
bidimensionnels avec nombre de Reynolds dlev6 de lttablissement national
adronautique. Les effets de la sortie des valets sur l'intensit6 du buffet et le
retard de ces vibrations aux vitesses transsoniques ant W 6tudi~s. Les limites
du buffet pour diff~rents angles des valets ant Wt d~termin~es A partir de la
divergence des fluctuations de la force normale de la balance (C'N).
L'apparition du buffet a 6t d~termin6e A partir des courbes de Cjk en fonction
de CL aux valeurs de CL Oil la pente est dgale A 0,1. Cette valeur de la pente a W
chaisie arbitrairement, mais s'est av~r~e la valeur qui donne des r~sultats qui
sant systematiquement confarmes aux calculs d~coulant du crit~re basd sur la
divergence de pression au bord de fuite, lorsque les vibrations tiennent
principalement A la s6paration du bard de fuite.

Dans des conditions d'6coulement donn~es, la sortie des valets du bard
do fuite ant modifi6 la circulation et, partant, la position et I'amplitude de
l'onde do choc. Los variations do ces deux param~tres en fonction de Ilangle
des valets ant W ddtermin~es A partir do mesures do prossion effectu~es sur la
surface du profil. L'essai a W men6 en plein r~gime des vibrations, et les
oscillations de l'onde de choc ant W 6tudi~es A partir d'analyses spectrales de
la r~panse d'6quilibre. Des fluctuations d'enviran 70 Hz ant W d6celdes dans
le mauvement de choc.

La train~e du profil a W c alculee A partir de la depression dans la zone
de stagnation du sillage, et une p~nalitU impartante de la train6e est not6e aux
grands angles de sortie des valets. L'analyso des profils du sillage en fonctian
de diffdrents r6glages des valets visait k 6tudier los changements dans los
caracteristiques du sillage.

Cotte recherche montre quo los valets du bard do fuite ost un dispositif
utile pour attdnuer passivement Fintensit6 du buffet des profils supercritiques.
Pour los nombres do Mach inferieurs A la valour du calcul, Ieb, coefficients de
partance & l'apparition du buffet approchent et 6galent parfois CLinax* Ces

profils different beaucoup des profils classsiques pour lesquels on pout d~celer
le buffet faible, mayen et intense avant quo CL ne soit maximal.

(i V)
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List of Symbols

b model span

c chord length

CD drag coefficient from wake integration

CL lift coefficient from balance measurement

CL lift coefficient from pressure integration

CL maximum lift coefficient from balance measurement
max

CN normal force coefficient from balance measurement

CN rms value of fluctuating normal force coefficient defined in
Eq. I

CN rms value of fluctuating normal force coefficent at buffet

onset

C P pressure coefficient

C* pressure coefficient at M = 1
PS

AC P shock strength

CP TE  pressure coefficient at trailing edge

ACPTE  defined in Eq. (2)

CP TEdiv divergence trailing edge pressure coefficient

H Mach number

MD drag rise Mach number

MDES design Mach number

_ N rms value of normal force from balance measurement
rms
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q. free stream dynamic pressure
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t maximum thickness of airfoil
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x distance measured in the flow direction from the airfoil
leading edge
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y distance traversed by wake probe, perpendicular to flow
direction

Sangle of incidence

Gdiv angle of incidence when trailing edge pressure
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6 flap angle
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interesting to note from this figure that some of the curves show that

C reaches a maximum and then decreases. For M = 0.772 and 0.792, aN!

very rapid increase in CN is not detected and the slopes of the curves

do not become negative since there is no CL , as illustrated in
max

Figure 2.

The buffet boundaries for various flap settings are shown in

Figures 10 and 11. Figure 10 shows CL plotted against M and it is seen

that the boundaries can be raised appreciably and there is a large

increment in lift with positive changes in 6. Characteristic of super-

critical airfoils, the buffet boundary decreases rapidly for M > MDE S *

At M = 0.75 which corresponds to the drag rise Mach number MD at design

CL, this airfoil shows only small improvements in alleviating buffet by

the use of flaps. Further increase in Mach number again show an

increase in the lift before encountering buffet. Figure 11 gives the

buffet boundaries plotted as a versus Mach number. The angle of inci-

dence at which buffet occurs is obtained from the CL versus a curves

using the buffet oaset value of CL given in Figure 10. For M > MDES,

it is difficult to determine m accurately since CL at buffet is very

close to and in some cases correspond to CL , and small errors in CL
max

magnifies considerably in terms of a.

For conventional airfoils, it is often possible to designate

regions of mild, moderate or heavy buffeting. Because buffet onset

occurs so close to CL  for M near or less than M DES it is not too
max

meaningful to assign a degree of severity except when M is greater than

some value, for example, MD for this particular airfoil. Figures 12-17

show the buffet onset boundaries and curves with given buffet

intensities for various flap angles. Also shown in the figures are the

values of CL for those values of M where a maximum in CL can be
max

detected.

3.3 Pressure Distributions on Airfoil Surface

Static pressure measurements were obtained from 50 and 30

pressure ports on the upper and lower surface of the model respec-

tively. The C distributions for the airfoil near the design Machp
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Number for zero flap setting are shown in Figure 18 for various angles

of attack. According to Figure 11, at the Mach number of interest

(0.722), buffet occurs at a = 3.40. It can be seen that the shock

waves for the larger a are not as sharply defined as those for

a< 3.4*.

The effects of varying 6 are shown in Figures 19-22 for four

Mach numbers. At Mach number close to NDES, Figure 19 shows the pres-

sure distributions at a about 4.5'. It was difficult in the tests to

keep both a and H constant. The values of a for 6 Z 00 are well into

buffet r~gime (pronounced TE separation) while that for 6 = -40 is

slightly greater than the buffet onset value. For 6 = -80, a is just

below the buffet boundary.

Figure 20 shows the Cp distributions at M about 0.612 for m

about 6.50. Except for the 6 = -80 curve, all the other curves are for

a values larger than the buffet onset value. The pressure distribution

behind the shock shows a shock induced separation bubble. Quite deep

inside the buffet regime, Figure 21 shows that a well defined shock

wave is not observed. In Figure 22 which is at a higher Mach number (M

about 0.791), the shock wave becomes less unsteady even though the

values of a exceeded those at buffet onset given in Figure 11 by a fair

amount.

3.4 Power Spectra of Balance Normal Force

The IEEE computer program (Ref. 16) for computing power

spectra was used in spectral analyses of the normal force outputs from

the balance. Figure 23 shows the results using a FFT block size of 256

and a signal length of 2 seconds. The sampling frequency was 1.6 KHz.

The conditions cof this figure correspond to those in Figure 19. For

6 > 00, the spectra show distinct peaks at approximately 70 Hz.

Similar results were obtained in a previous investigation of the BGK

No. 1 airfoil (Ref. 3) and they were identified as due to oscillations

of the shock wave. Higher frequency peaks are present when the flap

angle is increased. For 6 = -4*, the airfoil is operating slightly

inside the buffet regime while for 6 = -80 it is outside the buffet

boundary. No distinct 70 Hz peaks are detected for these two flap
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angles because the shock waves are quite steady as can be seen from the

C distributions in Figure 19.p
In Figure 24, the values of M and a are the same as those in

Figure 20. Except for 6 = -80, the airfoil is experiencing buffeting.

The intensities of C' are not as large as those in the previous figure

and the higher frequency peaks are also not so pronounced. Figures 25

and 26 are for the same conditions as Figures 21 and 22 and the airfoil

is quite deep into the buffet r6gime. The poorly defined shock waves

in Figure 21 indicate that they are very unsteady and are shown in

Figure 25 as very large and distinct peaks of approximately 70 Hz. As

the Mach Number increases, the magnitudes of CN decrease and Figure 22

shows the shock waves to be more steady. The spectra in Figure 26

clearly indicate the shock oscillations to be much weaker than those in

the previous figure.

3.5 Shock Positions and Strengths

When the shock wave is osci'lating, its location determined

from the Cp plots falls within the range of positions that may occur

during one pressure scan cycle of approximately 21 seconds. When

buffet is severe or C' is large, locating the shock position is diffi-

cult. In this report, the position and strength of the shock wave are

defined in a manner similar to the definition used in Reference 18

(Figure 27). There is certain arbitrariness in this definition, but

for large oscillating shock motion, this gives more easily measured and

consistent results.

The effects of Mach number on shock location x /c is shown ins

Figure 28 for trailing edge flap angle 6 = 00.  Except for the two

higher Mach numbers (M = .772, M = .792) which show x /c to decrease
5

with a, it is seen from the other cases that x /c increases with a and
s

reaches a maximum before decreases slowly. Figure 29 gives the shock

locations for various flap angles at a Mach number of 0.723. The

following two figures (Figures 30, 31) show x /c at Mach numbers below
5

and above the design value. The motion of the shock wave with a is

quite different for these two cases. The variation of xs/c with Mach

number is illustrated in Figure 32 for an angle of incidence a = 30.
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The curves show the shock position to move downstream with increasing

Mach number until a maximum x /c is reached. From then onwards its

moves gradually upstream or in some instances remains more or less

stationary. Similar trends are observed when the shock locations at

buffet onset are plotted against Mach number for various flap angles

(Fig. 33).

The shock strengths AC corresponding to the conditions in

Figures 28-31 are given in Figures 34-37. They increase with a irre-

spective of whether the shock moves upstream or downstream. At a

constant angle of incidence a = 30 (Figure 38), AC varies slightly
P S

with Mach number for M < 0.72 even though the change in shock position

is very large (Figure 32). For M > 0.72 (corresponding to its design

value), changes in x s/c and AC are small compared to their variations

with Mach Number for M < 0.72. Figure 39 shows a plot of the shock

strengths at buffet onset against Mach number for various flap angles.

The shock strength decreases almost linearly with increasing Mach

number up to the design value.

3.6 Trailing Edge Pressure Measurements

in this study on buffet characteristics of a supercritical

airfoil, the trailing edge pressure was measured as the airfoil opera-

ting condition moved into the buffet r~gime. From the pressure coef-

ficient versus a plots, the value of the trailing edge pressure CPTE

when divergence occurred (onset of buffet) was noted together with the

value of a. The severity of buffet is denoted in terms of CPTE  as

ACPTE = CPTE - CPTEdiv (2)

where the subscript 'div' denotes the value of CPT E at divergence

(Ref. 1). The intrusion into the buffet r6gime is expressed in terms

of the angle of incidence as

Aa = a - adiv (3)
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Figure 40 shows the change in trailing edge pressure coeffic-

ient with Am for M = 0.723. It is seen that ACPTE decreases monotoni-

cally with Am. For the range of Mach numbers tested, it is observed

that for M < 0.72, CPTE at 6 = 80 and 140 shows smaller drop with Aa

than for the other values of 6. For higher Mach numbers (Figure 41),

the curves for the smaller values of 6 do not cross each other as in

low Mach numbers (Figure 42), and show quite distinctly that as 6

increases, smaller decreases in trailing edge pressure will result.

To study the change of normal force fluctuations with

trailing edge pressure, define

AC' = C' - C' (4)

where C'B denotes the value at buffet onset. The two quantities AC'

and ACPT E are plotted in Figure 43 for M = 0.723. Figures 44 and 45

show the effects of Mach numbers for M = 0.673 and 0.772. Based on

results for other Mach numbers tested, it can be concluded that in the

neighbourhood of MDES' much larger changes in AC' with AC occur than

at M lower or higher than MDES. In the range of Mach Number near MDES

the effects of flaps show consistently that increasing 6 results in
larger ACN changes with AC PTE . This range of Mach numbers is near the

"elbow" of the buffet onset boundaries (Figure 10) and force measure-

ments have shown large fluctuations because of the strong shock

oscillations.

3.7 Drag Measurements

The drag polar determined from wake measurements is shown in

Figure 46 for flap angle 6 = 00. Included in this figure are the drag

values at buffet onset. It can be seen that the drag rise from its

value at design conditions (CD = 0.01) is quite appreciable at buffet.

The effect of flap angles on CD is demonstrated in Figures

47-49. Near the design Mach number, the crag is the lowest for the

zero flap setting at the design CL. The effects of Mach number are

given in Figures 48 and 49 for M equal to 0.673 and 0.772 respectively.
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Using the results from the drag polars, CD can be plotted

versus M for various C Figure 50 shows results presented for 6 = 00.

At design conditions the drag rise Mach number, using the criterion

based on a slope of dCD/dM = 0.1 is determined to be 0.75.

At the design CL = 0.6, CD versus M are plotted in Figure 51

for various flap angle settings. Small flap angles (6 = ± 40) do not

increase the drag significantly, however, the 80 and 140 flaps appear

to have quite a large effect. For off design conditions (CL = 0.4 and

0.8), Figures 52 and 53 show the drag increase for negative flap angles

is much larger than that for positive flap angles.

For a given flap setting and C curves such as those given

in Figures 50-53 can be used to determine the drag rise Mach number and

the corresponding value of drag coefficient C Curves of CL corre-

sponding to the evaluated MD can be plotted as shown in Figure 54 for

various flap settings. Positive flap angles help to delay the drag

rise Mach number for off design conditions at values of CL approxi-

mately greater than 0.75 for this particular airfoil.

The drag coefficient corresponding to the C L at the drag rise

Mach number is plotted in Figure 55. At the design CL = 0.6, the zero

flap airfoil gives the lowest drag at the drag rise Mach number of

0.75.

3.8 Wake Profiles

Some representative results for the wake profiles are given

in Figures 56-58. The growth of the wake at M = 0.723 and 6 = 00 is

shown in Figure 56 for probe #2 of the traversing rake, and its

location is 1.75 inches from the tunnel centre line. The distance y

traversed by the wake probe is normalized with respect to the airfoil

chord and C' on the horizontal scale is proportional to the totalDt

pressure drop. The integral of C; over the width of the wake gives the

total drag. Beyond buffet onset, which occurs approximately at
= 3.40 in this case, the profiles become very unsteady and C; shown

are values that occur in one pressure scan. The duration of a scan

depends on the width of the wake and the traversing speed, but will not

exceed a maximum value of 21 seconds.
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The changes in wake profiles at M = 0.723 with 6 for two

values of the incidence a are shown in Figures 57 and 58. At a about

2.750, the airfoil is slightly inside the buffet r6gime for 6 = 40 and

moderately deep into buffet at 6 = 140 while for 6 5 00, the airfoil is

not experiencing buffet. At a in the neighbourhood of 4.50 the airfoil

is buffeting except for 6 = -8* which is very close to the onset

boundary.

As an indication of the growth of the wake, its width w is

measured and normalized with respect to the airfoil maximum thickness

t. The value of w is determined from the wake profile at a value of C;

equal to one percent of its maximum. Figure 59 shows the effect of

Mach number at zero flap deflection. The buffet onset value of a is

also included in the figure for reference. It is seen that w/t grows

with a and there is no special change in the growth rate at the onset

of buffet. The higher Mach numbers results in a thicker wake.

The effect of flap settings is shown in Figure 60 for

M = 0.723. Positive flap angle increases w/t while negative flap angle

gives a smaller value of w/t. At this Mach number, the wake thickness

increases quite uniformly over the range of angle of incidence covered

in the test. At off design Mach numbers, Figures 61 and 62 show the

variation o- w/t with a for H = 0.673 and 0.772.

4.0 Conclusions

A 16% thick supercritical airfoil with a trailing edge flap

was tested in the NAE Two Dimensional Test Facility at a chord Reynolds

number of 20 million. The investigation was carried out quite deep

into the buffet r~gime and the effects of flaps on lift increments and

buffet severity were analyzed. The results can be summarized as

follows:

a) The o set of buffet can be determined quite accurately from plots

of C' versus CL at values of CL where the slope of the curves is

0.1. For those conditions where buffet onset is primarily due to

trailing edge separation, this value for the slope is found to

• -... - .,om a a dlmm l li dll ll I pillmmia "Now
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give consistent results which agree quite well with values

computed from the criterion using the trailing edge pressure

divergence.

Buffet boundaries can be raised appreciably for positive

trailing edge flap deflections. Unlike conventional airfoils

where regions of mild, moderate or heavy buffeting can be classi-

fied, the buffet onset boundaries for supercritical airfoils for

H < HDE S  occur very close to and in some cases correspond to

C L  To identify regions of different degree of severity is
maxoften not possible. This suggests that the design condition for

supercritical airfoils should be further away from the buffet

boundary than the usual criteria used for conventional airfoils

would indicate.

b) The shock positions and strengths are determined from the C

measurements. For Mach numbers near or less than the design value

the shock initially moves downstream with increasing angle of

incidence to a maximum downstream position before moving slowly

back upstream or, in some cases, remains more or less stationary.

For higher Mach numbers, only upstream motion of the shock is

detected and the flap settings do not have much influence on the

shock location. For the lower Mach numbers, positive flap angles

cause the shock to move further downstream, while the opposite is

true for negative flap deflections.

The shock strength increases with incidence irrespective of

whether the shock moves upstream or downstream. Positive flap

angles increase the strength but the effect is small at higher

Mach numbers.

Spectral analyses of the balance normal force outputs show

shock oscillations at about 70 Hz for this airfoil. The fluctua-

tions are largest at values of Mach numbers near the design value,

beyond which a sharp drop in the buffet boundaries occurs.

Slightly inside the buffet r6gime, the magnitudes of the fluctua-

ting normal force have quite large values near the "elbow" of the
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buffet onset curve. As the Mach number increases to higher

values, the fluctuations in normal force decreases and the shock

waves become more steady.

c) Intrusion into the buffet r6gime and the resulting buffet severity

can be indicated either by the decrease in trailing edge pressure

A CPTE or increase in magnitude of the fluctuating normal force

AC' . For Mach numbers near the design value, much larger changes
in AC' with AC are observed than for other values of M.

d) At the design CL = 0.6, small flap angles do not increase the drag

significantly. For off design conditions the drag rise is much

larger for negative flap angles than for positive angles of the

same magnitude. The wake profiles show large unsteady fluctua-

tions at conditions beyond the buffet onset boundary. Near the

design Mach number, positive flap angles increase the wake thick-

ness while negative angles have the opposite effect. The growth

of the width of the wake is quite uniform over the range of angle

of incidence covered in the test. In most cases drag increases

significantly before buffet onset.
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* SYM RUN CYC M R,.10-' DELTA1 ________

* a 31859/1 1 0.612 20.40 0.0j- _ _____

0 31860/1 1 0.672 20.31 0.0I
A 31861/1 1 0.713 20.41 0.0
+ 318b2 /1 1 0.722 20.41 0.0

x31863/1 1 0.734 20.39 0.0
0 31864/1 1 0.752 20.60 0.0

931865/1 1 0.772 20.42 0.0
m 31869/1 1 0.792 20.37 0.0 __

PASS 2 DATA - CORRECTED

1.0__ 
_

* ~ ~~ L - _ 
__ 

__

0.6 - _ __ _ _ _ _ _

0.2 4_ 
_ _ _ _

-2 .0 0 .0 2 .0 4 .0 6.C 8 .0

FIG. 2: LIFT VERSUS ANGLE OF INCIDENCE AT VARIOUS MACH NUMBERS
FOR FLAP ANGLE 8 = 0'
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SYM RUN CYC m R,,lO 106ELTA
a 31862/1 1 0.722 20.41 0.0 - _ __

a 31874/1 1 0.721 20.20 4.0
31881/1 1 0.722 20.26 8.0 - _ __

*31890/1 1 0.724 20.13 14.0
x31897/1 1 0.723 20.13 -8.0

0 31906/1 1 0.722 20.08 -4.0 -

PASS 2 DATA - CORRECTED

1.0

0.8

0.6 ONSET____

0.2 - _ _ _ _

0.0 - _ _ _ __ _ _ _ _ _ _ _ _

-( deg
-2.0 0.0 2.0 4.0 6.0 8.0

FIG. 3: LIFT VERSUS ANGLE OF INCIDENCE AT M ABOUT 0.723
FOR VARIOUS FLAP ANGLES
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SYM RUN cyc M Rc 10-6 DELTA
a 31860/1 1 0.672 20.31 0.0 -__

o 31876/1 1 0.674 20.27 1.0
A 31879/1 1 0.673 20.28 8.0 - _ __

* 31892/1 1 0.676 20.19 11.0

0. 319 / 1_ 0.673 20.18 -8.0

PASS~ ~~ 2dATe 9CRECE

-200...0406. .

FI.40ITVRUSAGEO.N8ECEA BU .7

FO VAIU FLAPFNGLE
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SYM RUIN CYC m R,.10-6 DELTA
a 31865/1 1 0.772 20.42 0.0
o 31871/1 1 0.772 20.37 4.0
6 31884/1 1 0.772 20.22 8.0 -

# 31887/1 1 0.771 20.02 14.0
x 31900/1 1 0.773 20.15 -8.0
* 31903/1 1 0.772 19.95 -4.0

PASS 2 DATA - CORRECTED

1.0 - _ __ _

0.8

0.0

0- deg

-2.0 0.0 2.0 4.0 5.0 8.0

FIG. 5: LIFT VERSUS ANGLE OF INCIDENCE AT M ABOUT 0.772
FOR VARIOUS FLAP ANGLES
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CL

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.55

14'

0.4 -- - - -- - 8

-. -. - 40

0.3 . . .00

- - - - 40

0.2 -80

0.1

0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

M

FIG. 10: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
FOR VARIOUS FLAP ANGLES
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CL

1.2

1.1

1.0

0.9

0.8

0.7 BUFFET ONSET

= 0.05

0.6 c = 0.1

CLmax

0.5 -

0.4 -

0.3 -

0.2 -

0.1 -

0

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

M

FIG. 12: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
WITH FLAP ANGLE 8 = 00



CL

1.3

1.2

1.0

0.9

0.8

0.7

0.6 -6 40

BUFFET ONSET

0.5 - = 0.05

- - = 0.1

0.4 -A C1 ma

0.3

0.2

0.1

0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

M

FIG. 13: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
WITH FLAP ANGLE 6 = 40
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CL

1.3
A

1.2

1.1

1.0

0.9

0.8

0.7

0.6
6 =8'

0.5 BUFFET ONSET

- - =0.05

0.4 --- CN = 0.1

0.3A CLmax

0.2

0.1

0

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

M

FIG. 14: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
WITH FLAP ANGLE 8 = 80



-33-

CL

1.4

1.3 -

1.2

1.1

1.0

0.9

0.8 - 14 06, = 14°0'

0.7 - BUFFET ONSET

C' = 0.05

0.6 .. . . C'N = 0.1
A CLm x

0.5 -

0.4 -

0.3 -

0.2 -

0.1 -

0 I I

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85
M

FIG. 15: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
WITH FLAP ANGLE 8 = 140
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CL

1.2

1.1

1.0 A

0.9 A

0.8

0.7
6 - 4'

0.6 BUFFET ONSET

C- = 0.05

0.5 - - = 0.1

A CLniax

0.4

0.3

0.2

0.1

0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

M

FIG. 16: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES
WITH FLAP ANGLE 8 = 4-
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* CL

* 1.3

1.2

1.1

* 1.0 -

*0.9 A

*0.8 -A

0.7

0.6

0.5 -BUFFET ONSETA

c = 0.05

0.4 --- C'N = 0.1

A C1 ma

0.3

* 0.2

* 0.1

o

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85
M

FIG. 17: LIFT VERSUS MACH NUMBER BUFFET BOUNDARIES WITH FLAP
ANGLE 8 = -80
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SYM RUN SCAN M RcxlO-6 CLP cc ALPHA1
ol 31862/1 1 0.721 20.1 0.455 0.0096 0.08
o 31862/1 2 0.721 20.3 0.588 0.0102 0.83

a31862/1 3 0.722 20.4 0.673 0.0095 1.24
-____ __ *31862/1 4 0.722 20.4 0.833 0.0141 1.96

x31862/1 5 0.722 20.4 0.958 0.0249 2.86
31862/1 6 0.722 20.5 1.019 0.0385 3.81

-- 2.5 ___ '31862/1 7 0.722 20.5 0.930 0.0526 4.60
*31862/1 8 0.722 20.5 0.920 0.0622 5.13

31862/1 9 0.722 20.6 0.893 0.0713 5.66

CORRECTED DATA - 30-APR-87

cp

-1I_________ 
____

.0 0.2 0.4 0.6 x/C 0.8 1 .0 1.2

FIG. 18: SURFACE PRESSURE DISTRIBUTIONS AT M ABOUT 0.711
FOR FLAP ANGLE 8 = o
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-30 121 0 DET 0.772 20.5 0.930 0.0526 4.60

0 31874/1 4 0.721 20.3 0.978 0.0567 4.58
a 31881/1 8 0 .722 20.4 1.021 0.0682 4.52

__ __ *31890/1 14 0.722 20.1 1.082 0.0801 4.23
x31897/1 -8 0.723 20.2 0.780 0.0292 4.55
o31906/1 -4 0.723 20.1 0.908 0. 0344 4.17

-2.5 1CORRECTED DATA - 4-MAY-87

cp

0

.002040.6 x/C 0.8 1.0 1.2

FIG. 19: SURFACE PRESSURE DISTRIBUTIONS AT M ABOUT 0.723
FOR VARIOUS FLAP ANGLES AT ax ABOUT 4.5-
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SYM1 RUN DELTA M RcxlD5l 0, Er IP~
Lp

-3 0 31859/1 Ci0 0.612 20.1 >139 0.0101 6. 5C
0 31877/1 4 0 .61 2 20.3 1.219 0.0D5)1 6.10

a31878/1 8 0.612 20.3 1 .261 0.0557 6.39
*31893/1 14 0.612 20.2 1 .318 0. 0782 6.32
x31894/1 -8 0.612 20.1 0.896 0.0219 6.52
031909/1 -4 0.612 20.1 1.027 0. 03 1 6 .A3

-25CORRECTED DATA - 4-MIAY-87

-2 ____ _ _ _ _ _ _ _ _

00

x/C
0.0 0 .2 0 .1 0 .6 0 .8 1.a.

FIG. 20: SURFACE PRESSURE DISTRIBUTIONS AT M ABOUT 0.612
FOR VARIOUS FLAP ANGLES AT a ABOUT 6.50
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SYM RUN DELTA M Rr10-6 Cp C0  ALPHA

-3 31860/1 0 0.673 20.4 0.998 0.0912 7.58
3186/ 40.63 2.41.044 0.1033 7.51

31879/1 8 0.673 20.4 1.096 0.1101 7.5,0
31892/1 11 0.675 20.3 1.191 0.1273 7.39

x31895/1 -8 0.674 20.3 0. 80q 0.0674 7.75
I31908/1 -4 0.673 20.3 0.880 0.0793 7.65

-2.5 -K CORRECTED DATA - 4-MAY-87

-2 __ __

-0.5

0 jr A

.10 0.2 0.1 0.E / . 1.0 1.2

FIG. 21: SURFACE PRESSURE DISTRIBUTIONS AT M ABOUT 0.673
FOR VARIOUS FLAP ANGLES AT a ABOUT 7.5-
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5Th RUN DELTA M R,.10O6 C LF C ALPHA
-3 31869/1 0 0.791 20.5 0.577 0.0663 3.62

0 3870 1 0.791 20.3 0. 637 0.0741 3.71
3 -1885/1 8 0.791 20. 2 0.698 0.0833 3.66
31886/1 14 0.791 20.1 0.808 0.0901 3.57
31911 /1 -4 0.792 20.2 0.490 0.0563 3.81

-2.5 -___ CORRECTED DATA - 1-MAY-87

-2 __

-- 1.5 _ _ _ _ _

-r c

ct- . '

.0 0.2 0.-. / . . .

F-I _ _ _ _UFC _ _SUEDSRIUIN TM BU .9

FO AIU LPAGLSA BU .5



M 0.722 8=00 a=4.600 M 0.721 o 40 a =4.580

10 1 1 I I I I 10 I I I I I

CN(DB) CN(DB) -

0 Frequency (Oft 800 0 Freqeny (EzI boo

M 0.722 a= 80 a 4.52 0  M 0.722 a 14 0 a 4.230

10 Scan rscan

CH(DB) -CN(DB)

-601-0 iiI I
0 Frequency (Hz) B00 0 Frequfncy (Hz) 800

M =0.723 a -4* a 4.170 M=0.723 8.4 -8 a, 4.550

10Scan 1 Scan
95 #06

CN(DB) CN(DB)

-60 -.60

0 Frequency Oft) Boo 0 Frequency (Hz) Soo

FIG. 23: POWER SPECTRA OF BALANCE NORMAL FORCE
AT M ABOUT 0.723 AND a ABOUT 4.50
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M 0.612 8=00 a =6.50 M 0.612 8 V0 a 6.40

10ISmn 10Scan
# 4 #5

CN(DB) CN(DB)

0 Frequhzcy Oft) Soo0 0 Prequzxy (HO? Soo

M 0.612 8=80 a =6.390 M 0.612 8 140 a =6.32*

Scan scan

CN(DB) CN(DB)

-0 -0 1
o FreqmIcy (HE) So0 0 Fteqlmmcy (Hr) Soo

M 0.612 8 40 a =6.430 M 0.612 8 -80 a 6.52'
10 I I I I I 10

# 4 # 4

CN(DB) CN(DB)

-40LI I I -~-60r III I e
0 Frreqmrny (HE) So0 0 Frsqmncy Oft) S00

FIG. 24: POWER SPECTRA OF BALANCE NORMAL FORCE
AT M ABOUT 0.612 AND a ABOUT 6.50



M 0.673 8=00 * 7.580 -3 M =0.673 8 40 a =7.540

10 Scn 10scan

# 7 # 7

CN(DB) CN(DB)

I I I I II-.60 I 1 1
0 Frequency (Iat) Soo 0 Frequency (Hz) Soo

M 0.673 8=80 a 7-50* M 0.675 8=140 a .39'

scan scan
# 7 # 7

CN(DB) CN(DB)

-60F I I I -.60
0 Frequency (Hz) 800 0 Frequeny (Hz) B00

M =0.673 8 40 a =7.650 M 0.674 8 -80 a 7.750

10 I I I I I I 10 I II I I

Scan Scan

# 7 #@7

CN(DB) CN(DB)

~ r I I -60 1
0 Frequeny (Hz) Soo 0 Frequency (Hz) So0

FIG. 25: POWER SPECTRA OF BALANCE NORMAL FORCE
AT M ABOUT 0.673 AND a~ ABOUT 7.50
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M 0.791 8=00 * 3.620 M 0.791 8 40 a=3.740

scan Scan
#'4

CN(DB) CN(DB)

__60 __60

0 ?requwiry (lHz) S00 0 Prp-c (Hz) Soo

M =0.791 8=80 a =3.660 M =0.791 8 140 a =3.570

10Scan~Su

# 6

CN(DB) -CN(DB)

0 P1.11Eny (Hz) S00 0 7rosmrcny (Hz) So0

M =0.792 8=40 a =3.840

Scan

CN(DB)

0 Fre'..sy (Ift) S00

FIG. 26: POWER SPECTRA OF BALANCE NORMAL FORCE
AT M ABOUT 0.791 AND a ABOUT 3.750
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cps

cpACps~Cps - C p

c p --- - - - - - - - - - - - - -- L

xs/c

FIG. 27: DEFINITION OF SHOCK LOCATION AND STRENGTH
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0.8

~~14*

-0.7 -8 0

4 0

-0.6

~TE M =0.723

-0.5

-0.4 /

-0.3/

-0.2

0
0 1 2 3 4 5 6 7

6a (DEGREE)

FIG. 40: ACPTE VERSUS Aa AT M = 0.723 FOR VARIOUS FLAP ANGLES
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-0.8

14'

-0.7 8

- 00

-40

-0.6 
0

ACP TE

-0.5 M =0.772

-0.4

-0.3 / " /-

/ A

0
0 12 3 4 5 6 7

Aat (DEGREE)

FIG. 41: ACPTE VERSUS Aa AT M = 0.772 FOR VARIOUS FLAP ANGLES
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-0.8

. -- - - - - 4

0

..40

-0.6 
-80

M = 0.673
-0.5

-0.4 - -

-0.3 -

-0.2

/1"/

0 .42 3 4 5 6 7

A~a (DEGREE)

FIG. 42: ACPE VERSUS Aa AT M = 0.673 FOR VARIOUS FLAP ANGLES
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0.16

M = 0.723

0.14

Ac'1 ,C N,' * , i.+.

0.12 /

0.10 -

,/ //\

0.08 '

0.06

, \

0.04 /

0
- 4 0

0.02 / 8°

0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7

A CPTE

. AT M = 0.723 FOR VARIOUS FLAP ANGLES

FIG. 4: AC'VERSU CPTT
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0.16

0.14 8

40
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0.12 /
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0.10 \
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0.08~

0.06 7

0.04

0.02

1
0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7

FIG. 44: AC~ VERSUS ApEAT M = 0.673 FOR VARIOUS FLAP ANGLES
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0.16

0.14

0.12 -

AC M = 0.772 
140

4 0
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0 0

OW 0
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0.02 - J

o 1-'-/

0
0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7

ACPTE

FIG. 45: AC' VERSUS ACPTE AT M = 0.772 FOR VARIOUS FLAP ANGLES
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T I I

SYM RUN CYC M Rrx10 -6 DELTA
o 31859/1 1 0.612 20.40 0.0
o 31860/1 1 0.672 20.31 0.0
A 31861/1 1 0.713 20.41 0.0
• 31862/1 1 0.722 20.41 0.0
x 31863/1 1 0.734 20.39 0.0
° 31864/1 1 0.752 20.60 0.0

' 31865/1 1 0.772 20.42 0.0
a 31869/1 1 0.792 20.37 0.0

PASS 2 OATA - CORRECTED

0.21 I- -I

0.09 1 _ __

0.07

0.05

BUFFET ONSET
0 .0 3 . -

0.01 1
0.1 - ______ __ __ ___ ___ |

CL
0.00 0.25 0.50 0.75 1.co 1.25

FIG. 46: DRAG VERSUS LIFT AT VARIOUS MACH NUMBERS
FOR FLAP ANGLE 8 = 0 °
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I I I I I I

SYM RUN CYC M Rcxl-0 6 DELTA_
o 31862/1 1 0.722 20.41 0.0
o 31874/1 1 0.721 20.20 4.0

A 31881/1 1 0.722 20.26 8.0
• 31890/1 1 0.724 20.13 14.0
x 31897/1 1 0.723 20.13 -8.0
o 31906/1 1 0.722 20.08 -4.0

PS55 2 DATA - CORRECTED

0.11 -

0.09

Co

0.07

0.05 - _
BUFFET ONSET

I I

0 .03 -

0.01.

.1O" 0.25 0.50 L 0.75 1 .00 1 .25

FIG. 47: DRAG VERSUS LIFT AT M ABOUT 0.723
FOR VARIOUS FLAP ANGLES
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SYII RUN CYC M R,:. 10 6 DELTA
o 31860/1 1 0.672 20.31 0.0 -__ ____

a 31876/1 1 0.674 20.27 4.0
a 31879/1 1 0.673 20.28 8.0 - _ 

__

31892/1 1 0.676 20.19 14.0
x 31895/1 1 0.673 20.18 -8.00 31908/1 1 0.673 20.13 -4.0
PHSS 2 DAT9 - CORRECTED

0 .0 7 _ _ _ _ _ _ _ _

0 .0 5___

0.03 -BUFFET ONSET

0.01

0.00 0.25 0.50 0.75 1.00 1.25

FIG. 48: DRAG VERSUS LIFT AT M ABOUT 0.673
FOR VARIOUS FLAP ANGLES
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SYM RUN CYC Im Rcxl 6 DELTA /
o 31865/1 1 0.772 20.42 0.0 -

o 31871/1 1 0.772 20.37 4.0
a 31884/1 1 0.772 20.22 8.0
• 31887/1 1 0.771 20.02 14.0
x 31900/1 1 0.773 20.15 -8.0
o 31903/1 1 0.772 19.95 -4.0

PASS 2 ORTA - CORRECTED

0.11 - _ __ _ - _

0.09 1 "

c
C_0.07 -.

BUFFET ONSET

0.01 - _ __ _ _ _ _ _

CL
0.00 0.25 0.50 0.75 1.00 1.25

I I1 , I i 1 i

FIG. 49: DRAG VERSUS LIFT AT M ABOUT 0.772
FOR VARIOUS FLAP ANGLES
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